Dust-loaded tree leaves from Kathmandu have been analyzed for magnetic susceptibility () and heavy metal (HM) contents. For 221 samples of leaves of cypress (mainly Cupressus corneyana), silky oak (Grevillea robusta) and bottlebrush (Callistemon lanceolatus),  has a range of (0.01 to 54) x 10 -8 m 3 kg -1 with a median of about 10.0 x 10 -8 m 3 kg -1 . Trees situated close to the busy road intersections, near main bus station and sectors of roads with steep slope yield elevated susceptibility.
Introduction
Roadsides in urban area are commonly polluted by particulate matter (PM) derived mostly from traffic: motor vehicle emissions, abrasion of tyres, brake linings as well as road surface, cycling of dust in suspension due to vehicular movement, dispersion of construction material, etc. (Petrovsky and Ellwood, 1999; Gautam et al., 2004b) . After its initial release into the atmosphere, PM may remain in air for some time, but most of it ultimately gets deposited along the narrow roadside corridor forming an integral part of the road dust, roadside soil, vegetation and drainage system. Hence, any material in and close to the road corridor serves as an archive of elevated concentrations of trace metals and their compounds.
Knowledge on the nature of the metallic particles is important along with the concentration and size distributions, which are dictated by nature of emissions, the rates of wet and dry deposition, nature and intensity of atmospheric phenomena as well as chemical transformations (e.g. Fang et al., 2004) .
The content of airborne PM may be expressed in terms of total mass of suspended particles (TSP). However, the mass of particles with aerodynamic diameters below 10 μm (PM 10 ) per unit volume has been in common use since its monitoring started in the US in 1987 (Samet et al., 2000) . The inhalability of PM 10 sized particles deep into the respiratory system causing adverse health effects, the higher rate of incidence of health problems with decrease in the particle size, association of the levels of fine PM in air with enhancement in morbidity and mortality rates and reduction in visibility etc. led to efforts to classify PM to even smaller size levels such as PM 2.5 and PM 1 (e.g. Samet et al., 2000; Palmgren et al., 2003) .
The problem of vehicular pollution is relatively more severe in cities, like Kathmandu, in developing countries because of inadequate technical, economic as well as legislative provisions. High traffic density compared to the size and length of roads, predominance of old vehicles prone to high emission levels, poor quality of fuel and lubricants, late introduction of emission control standards and weaknesses in enforcing them and lack of fundamental database on emissions are the real problems. According to KEVA (2003) , the annual average PM 10 concentration in Kathmandu city in 2002 Kathmandu city in -2003 was estimated at 198 µg/m 3 with a PM 2.5 to PM 10 ratio of 0.64 implying a high contribution from combustion sources. Several recent changes, e.g. introduction of unleaded gasoline in 1999, closure of the Himal cement factory in 2000, increasing tendency in replacement of the Bull's trench type kilns by new kilns with reduced emissions for brick production, use of kerosene and gas for cooking instead of biomass, have led to reduced pollution in Kathmandu. Because of a three-fold increase in the number of vehicles during the last decade, however, traffic emission has significantly increased and the vehicles are the number one source of pollution (KEVA, 2003) .
Recent awareness to the rise in cases with respiratory diseases (e.g. chronic obstructive pulmonary disease, asthma) etc. led the Nepalese government to initiate programs to monitor PM and formulate the national ambient air quality standards in terms of a few parameters (TSP, PM 10 , PM 2.5 , CO, NO 2 , SO 2 and benzene) (NESS, 2001; KEVA, 2003; MOPE Nepal, 2004) . Besides monitoring, we see an urgent need for characterization and quantification of the particles in differing environmental systems (atmosphere, soil, vegetation, water etc.) using rapid and cost-effective techniques, such as combined environmental magnetic and analytical chemical methods, similar to those applied in European countries (Petrovsky and Ellwood, 1999, Hoffmann et al. 1999; Hanesch and Scholger, 2002; Muxworthy et al., 2002) .
This study is a part of the ongoing magnetic and geochemical investigations of urban material (soil, road dust and tree-leaves) to address the problems of environmental degradation of the Kathmandu valley subjected to accelerated urbanization (population overpressure by ca. 1.5 million people) and environmental stress (increasing traffic, industries etc.) (Gautam et al., 2004b) . Studies related to the use of magnetic properties of tree leaves are not new. For example, effective use of susceptibility of conifer needles as pollution proxy was established in Germany by Schädlich et al. (1995) for an industrial region affected by fly ash deposition and by Knab et al. (2003) in an apparently clean area of Black Forest. Matzka and Maher (1999) found the isothermal remanent magnetization (IRM) imparted to leaves of birch (Betula pendule) in urban and suburban area, around the city of Norwich (UK), useful as a proxy of traffic pollution. Suitability of both susceptibility and IRM of dust-loaded leaves of deciduous trees (Platanus sp. and Quercus Ilex) for mapping vehicular traffic emissions in the city of Rome in Italy was described by Moreno et al. (2003) . Similarly, Hanesch et al. (2003) demonstrated the potential of susceptibility and IRM to susceptibility ratio of maple tree leaves in and around an Austrian industrial site in Leoben for monitoring short-term (up to several months) dust deposition. Though the effectiveness of these methods is established, there exist no standards for the sampling material and study parameters. This paper deals with the first magnetic bio-monitoring study, in Kathmandu, based on 3 types of trees, represented by cypress, silky oak, and bottlebrush, which collectively offer a good coverage in both urban and suburban areas. We describe the magnetic susceptibility of the tree leaves, the contents of heavy metals (HM: Cd, Cu, Co, Cr, Fe, Mn, Ni, Pb, Zn), and the susceptibility vs. HM relationship to characterize and quantify the environmental pollution.
Research Methodology 2.1 Sampling
Leaves with dust loadings were sampled along road corridors as well as recreational parks in both urban and suburban areas in February 2002. Samples came from the following routes and areas ( Fig. 1) : (i) the western half of the Ring Road; (ii) inner roads between Kalanki and Koteshwar; (iii) the arterial roads leading to Kirtipur and Dakshinkali; and (iv) around the Ratna Park and Rani Pokhari, in the core urban areas.
We sampled a total of 221 trees represented by cypress (mainly Cupressus corneyana) found commonly along the inner city roads and gardens, silky oak (Grevillea robusta) that is abundant along the Ring Road, and bottlebrush (Callistemon lanceolatus) that fills large gaps between the former two species) (Figs. 1 and 2, Table 1 ). In the case of cypress, only the young tender leaves were taken. Whenever possible, sampling was confined to branches, facing road, at a height of 2 -2.5 m above ground. Samples were put in pocket-sized sealable plastic bags, of known susceptibility, and allowed to dry at room temperature, before measuring them in the laboratory.
Susceptibility measurement, IRM acquisition and microscopy
Volume magnetic susceptibility was measured on the AGICO KLY-2 Kappabridge, with an operating frequency of 920 Hz and sensitivity of 4 x 10 -8 SI. For intra-species and inter-species comparisons, it was then normalized by the sample mass to obtain the mass-specific susceptibility ().
A small amount of dust-loaded leaf sample was inserted into a 10 cc volume polyethylene cylinder, fixed with nonmagnetic cement slurry, solidified, and then subjected to IRM acquisition up to a maximum of 2.5 T, using pulse fields at 18-20 steps generated by a Magnetic Measurements pulse magnetizer. The acquired IRM moment was measured by a Molspin spinner magnetometer.
Magnetic extracts of some samples separated by using a hand magnet were observed under a scanning electron microscope (Leo SEM 1450VP) after coating with carbon. Major element composition of selective grains was measured with an Oxford INCA EDS 200 microanalysis system linked to SEM, the details of which are given in Gautam et al. (2004b) .
Chemical analysis
Twenty samples of dust-loaded leaves with varying  were oven-dried at 75 o C for 48 hrs., then ashed at 500 o C for 2 hrs and about 0.5 g of ash was digested for metals by 5 ml aqua regia (conc. HCl to HNO 3 ratio of 2:1) in a Kjeldatherm system (at 140 o C, 2 hrs.). A Perkin-Elmer M1100 atomic absorption spectrophotometer of the Department of Geography, University of Tübingen was used to analyze the pseudo-total contents of Cd, Cu, Co, Cr, Fe, Mn, Ni, Pb, Zn using a standard procedure (Ure, 1995) .
In order to compare the measured quantities, both susceptibility and HM contents were recalculated on oven-dried mass basis. This involved: (i) subtraction of the susceptibility contribution of the water content from  to obtain  d following Walden et al. (1999) ; and (ii) reduction of the HM contents measured for ash to the oven-dried sample taking into account the mass lost upon ashing.
Magnetic Properties and Heavy Metal Chemistry

Magnetic susceptibility
A brief summary on  of all dust-loaded leaf samples according to type of trees is given in Table 1 .
Cypress offers maximum range ( max - min ) followed by silky oak and bottlebrush. It has the lowest median and spread as indicated by the interquartile range. Silky oak and bottlebrush have median values close to each other but the former has a larger spread. Although direct comparison may not be well justified, the median values suggest that the dust-loaded leaves may be as strong as the fine-grained black clay/silt sediments, constituting the Kathmandu valley fluvio-lacustrine sediments, which yield (5.8-11.2) x 10 -8 m 3 kg -1 and a mean of 8.2 x 10 -8 m 3 kg -1 (Gautam, unpublished data) .
Two major road profiles shown in Fig. 2 reveal remarkable regularities in the susceptibility distribution. The Ring Road profile ( Fig. 2a ) exhibits a smooth susceptibility variation irrespective of the tree type (silky oak or bottlebrush) and the presence of anomalous zones, of distinctly high  (>20 x 10 -8 ) m 3 kg -1 ), accompanied by flanks characterized by moderate  (10-15 x 10 -8 m 3 kg -1 ). Two wide anomalous zones correspond to the areas around the main bus station and a rather long road sector, situated between Balkhu and Kalanki, where the TATA trucks spewing up black smokes are commonly parked along the roadsides. In the Kalanki -Tinkune profile, for which only data for cypress are shown ( Fig. 2b ),  has a much wider range that can be explained by its inverse relationship with the distance of sampled trees from the major road axis. The two clusters of trees, located at appreciable distances from the road, to the West of Kalimati and near Baneshwar have correspondingly low susceptibilities (0.01-5 x 10 -8 m 3 kg -1 ). The highest values observed near Kalanki correspond to the road sector with relatively steep slopes. In general, the average susceptibility along the inner road is lower than along the Ring Road, which might be explained in terms of a larger volume of traffic as well as the probably a higher dust trapping potential of the silky oak and bottle brush than the cypress.
Along roadsides in the city core area, high  occurs close to the road junctions (e.g. near the clock tower, Fig. 3 ). Increase in  is observed while moving towards roads from recreational parks ( Fig. 3) . Moderate values characterize trees in open spaces, which are prone to dust supply from nearby roads or exposed grounds. This is shown by a profile across the Ratna Park, where most trees in the row form a wind barrier as well as an effective trap for dust incoming from the adjacent open ground (Fig. 3 ).
Magneto-mineralogical characterization a) IRM characteristics
In several specimens sampled from different localities, the IRM acquired at 0.1 T and 0.3 T is about 70% and 85-90% of the total magnitude acquired at 2.5 T, respectively (Fig. 4a ). It means that soft magnetic minerals (magnetite and probably maghemite) contribute significantly (Fig. 4b,c ). Judging from 10% to 20% of IRM acquired within 0.3 and 2.5 T, a high content of a harder magnetic phase is confirmed. Most likely the hard phase is hematite. It probably comes from the bricks which are known to contribute significantly to the susceptibility of urban soils (Gautam et al., 2004b) .
b) Scanning electron microscopy (SEM) images
Microscopy of magnetic extracts from the dust contained in tree leaves reveals basically two morphologies of grains (Fig. 5) . Firstly euhedral to anhedral crystalline grains mostly derived from rock sources and secondly spherical grains. The isolated spherical grains exhibit orange peel and/or framboidal textures (Fig. 5a,c) . Agglomerates exhibit welded (to clusters) textures (Fig. 5b) . The diameter of isolated spherules is typically 2-20 μm. However, the linear dimension may exceed 100 μm for agglomerates ( Fig.  5c ). In terms of chemistry (Table 2) , the isolated grains have the following typical composition: Fe (76-77 wt%) and O (22-23 wt%), irrespective of the grain geometry. For the spots within the agglomerated grain, the contents of Fe and O are 70-71 wt% and >24 wt% (points 7, 8 in Fig. 5b and Table 2 ). Spherules contain traces of Co and Tb, whereas the agglomerate contains S and Cl. The lower values of Fe as well as the presence of Mg, Al, Si, Ti etc. in some analyses (1, 5, 6 in Fig. 5 and Table 2 ) may be the result of contamination of the analyzed spots by background silicate material. In general, the chemical composition of the isolated grains is close to that of pure magnetite.
Heavy metal chemistry and their correlation with susceptibility
The ranges of metal contents measured for a set of 20 samples are as follows: 0.08-1.33 wt% of Fe, 18.3-281.9 ppm of Mn, 15.9-195.2 ppm of Zn, 4.7-41.5 ppm of Cu, 1.8-38.4 ppm of Pb, 0.6-8.1 ppm of Ni, and 1.7-6.4 ppm of Cr. The exceptionally high contents of Cr (76.8 ppm), Ni (48.8 ppm) and Pb (46.1 ppm) for sample L114 are considered to be outliers and not included in these ranges. The maximum contents of Co and Cd were 4.1 ppm and 1.2 ppm, respectively. Contents of Co and Cd were below 1.0 ppm in 12 and 17 samples, respectively, being mostly around the analytical detection limit. Hence, Co and Cd contents are not discussed further.
It is evident from the correlation matrix in Table 3 that the logarithmic  d has significant linear relationship with metal contents: Pearson's correlation coefficient r >0.8 with, Zn, Fe, Cr; r >0.7 with Mn, Cu; and r>0.6 with Pb, Ni. Among metals themselves, Fe exhibits very strong correlation (r >0.85) with Mn, Zn and Cr. Similarly, Zn, Cu and Pb are strongly related among themselves with r = 0.83-0.87.
In order to judge how closely the variables (metal contents and susceptibility), are related to each other, a tree diagram is constructed using the single linkage distance ratio method (Fig. 6a ). This interpretation is not unique but a reasonable description of the observed dataset. According to the diagram, the metals Fe, Zn and Cr form a close cluster as do Mn and Cu. Further, these two groups are closer to each other than with  d . Pb is relatively farther from all variables while Ni is removed farthest from all.
The linear relationship between a set of 3 urban elements (Cu, Pb and Zn, known to originate from vehicular pollution; e.g. de Miguel et al., 1997) and Fe with logarithmic  d is detailed in Fig. 6b . There are clearly two groups which show varying goodness of fit (r 2 ) but striking similarities in variation of contents with respect to susceptibility within each group are evident.
Discussion and Conclusions
The highest range of  (Table 1) of the dust-loaded leaves of cypress trees, which are ubiquitous along the inner roads and recreational parks in Kathmandu, makes them suitable for magnetic bio-monitoring along profiles and also over selected areas. As the silky oak and bottlebrush yield comparable susceptibilities as shown by the Ring Road profile (Fig. 2a) , the preference of one over the other will depend on the availability of the concerned trees. It is notable, however, that all three species offer reasonable contrasts in susceptibility that has significant correlation to the HM contents, especially the urban elements like Cu, Pb and Zn.
The observed maximum contents of urban elements in dust loaded leaves (Zn: 195.2 ppm, Cu: 41.5 ppm, Pb: 38.4 ppm) are enhanced by 232%, 122% and 240% with respect to the local background contents (Zn: 84 ppm, Cu: 34 ppm, Pb: 16 ppm) for a soil profile at an urban background site in Kirtipur (Gautam et al. 2004a ). Their magnitudes are, however, low compared to the maximum contents for Bagmati river sediments (Zn: 277.0 ppm, Cu: 63.6 ppm, and Pb: 173.3 ppm) obtained by similar type of analysis (Devkota, 2001) . Although direct comparisons of the metal contents in soils, river sediments and leaves are problematic due to many factors (e.g., differences in timescales, depositional/removal processes and the differences in areas averaged by the samples), they show that temporary accumulations of PM in roadside tree leaves may give rise to very high levels of metal contents.
The magnetic spherules are attributed to anthropogenic input, arising from any type of combustion related to vehicles as shown also by dust samples taken from the road surface or the rubber plant leaves at <0.5 m height (Gautam et al., 2004b) . Palmgren et al. (2003) found that the tailpipe emissions give rise to fine and ultrafine particles with modal aerodynamic diameters of 0.1-2 and 0.03-0.1 μm, respectively, whereas abrasion-related particles yield rather coarse modes (>2 μm). According to Matzka and Maher (1999) , the grain size was found to lie between 0.3 and 3 μm interpreted in favour of derivation of such fine particles from vehicle exhaust rather than friction wear or resuspended road dust. Despite the relatively large predominant size (2-20 μm) of spherules observed in this study, we attribute them to the tailpipe emissions as they occur along the roadside trees which are far away from industrial sources. Possibility of generation of large-sized particles through combustion in vehicles is also supported by recent findings of: (i) large-sized magnetite (up to 8 μm diameter) formed by burning FeS 2 containing fossil fuel (Flanders, 1999) ; and (ii) a significant amount of 7-50 μm (with a maximum of 300 μm) sized spherules in road dust from Visakhapatnam in India (Goddu et al., 2004) . Most of the euhedral to subhedral grains yielding magnetite-like mineralogy are attributed to lithogenic origin (Gautam et al., 2004b) .
The dust accumulation in tree leaves took place mostly after the post-monsoon (beginning of October, 2001) until the sampling period (first half of February, 2002). The measured quantities depend on the degree of pollution governed by a variety of time-and space dependent factors: amount of particles of anthropogenic and lithogenic origin; efficiency of deposition of particles in leaves as a function of the distance from road (Matzka and Maher, 1999) , height and areal coverage of leaves; intensity of precipitation; intensity and direction of wind; degree of disturbance by living beings such as humans, animals and birds, etc. Lack of adequate knowledge on all these factors makes the interpretation of minute susceptibility variations difficult. In such case, it may be sometimes more realistic to judge the variations in qualitative terms by grouping into susceptibility classes as shown in (Fig. 3) . A significant linear relationship between the HM contents and susceptibility proves that the latter serves as an effective proxy of the metallic pollution (especially by Pb, Cu, Zn originating mainly from vehicular sources).
Occurrence of relatively higher metal contents in sides of trees proximal to roads than in the distal sides, and the ability of trees to draw dust and hence reduce particulate concentrations at respirable heights may be a positive feature (e.g., Matzka and Maher, 1999) . This is indeed true for trees along sides of highways with spacious lawns and houses located reasonably away from the roads. However, in urban areas like in Kathmandu with narrow roadsides with human activity occurring in proximity of roads, the capability of trees to collect and hold harmful particulate matter, on a temporary basis, may have adverse health effects on the residents.
In conclusion, magnetic susceptibility measurements of leaves are effective in identifying pollution hot spots with marked input of magnetic materials derived from anthropogenic traffic-related pollution. Because of the good correlation of susceptibility with the heavy metals related to urbanization, the former serves as a proxy for metallic pollution. Therefore, use of susceptibility-based biomonitoring technique should be considered for temporal (short-term, mostly up to several months) and spatial assessment of pollution in cities, like Kathmandu, where traffic-related problems are ever increasing. With proper calibration of susceptibility with metal contents for the most characteristic tree type available, this method can be used for detailed monitoring of anomalously polluted areas. (Fig. 3) is marked. Symbols (plus, multiplication and dot) stand for the location of sampled trees (silky oak, bottlebrush, cypress) and susceptibility variation in them along two major profiles is shown in Fig. 2 . Samples from 5 sites labelled as L70, L94, L106, L114 and L174 used to describe magnetic minerals and chemistry in Figs. 4 and 5 are indicated by arrows. The background map was modified from Shrestha and Pradhan (2000) . (Fig. 2a, left side) , a  vs. latitude plot is given. For the inner road profile (Fig. 2b, upper Fig. 1 . The magnetic material can be classified roughly into two groups: (i) isolated relatively fine spherules and agglomerates formed by aggregation or welding of smaller spherules, of anthropogenic origin, and (ii) euhedral to subhedral grains of lithogenic origin. Note the relatively large magnetic spherule with distinct orange-peel structure indicative of combustion. Numbered symbols (+) are spots of energy-dispersive X-ray analyses, data for which are given in Table 2 . 1.00 For each pair, the Pearson's product-moment correlation r is given with the level of singificance p (in brackets)
